To acquire a high amount of information of the behaviour of the Homogeneous Charge Compression Ignition (HCCI) auto-ignition process, a reduced surrogate mechanism has been composed out of reduced n-heptane, iso-octane and toluene mechanisms, containing 62 reactions and 49 species. This mechanism has been validated numerically in a 0D HCCI engine code against more detailed mechanisms (inlet temperature varying from 290 to 500 K, the equivalence ratio from 0.2 to 0.7 and the compression ratio from 8 to 18) and experimentally against experimental shock tube and rapid compression machine data from the literature at pressures between 9 and 55 bar and temperatures between 700 and 1400 K for several fuels: the pure compounds n-heptane, iso-octane and toluene as well as binary and ternary mixtures of these compounds. For this validation, stoichiometric mixtures and mixtures with an equivalence ratio of 0.5 are used. The experimental validation is extended by comparing the surrogate mechanism to experimental data from an HCCI engine. A global reaction pathway is proposed for the auto-ignition of a surrogate gasoline, using the surrogate mechanism, in order to show the interactions that the three compounds can have with one another during the auto-ignition of a ternary mixture.
Introduction
In the daily life, internal combustion engines are used very often, mainly for transport purposes such as driving cars. This results into large-scale consumption, depletion of limited fossil-fuel reserves and the production of exhaust gases that harm both the environment and our health. On the other hand, they provide also advantages, such as mobility, that are linked to the widespread availability of passenger cars. Regardless of one's perspective, it seems correct to expect that the number of vehicles (with an internal combustion, IC, engine) will rise in the future, especially when considering the fast economic development around the world. Furthermore, legislation restricts the amount of emissions emitted by the engines.
Respecting the Euro IV emission norms in 2005, possibilities as the catalytic oxidation, the NO x traps and the particulate traps can be used, in other words: post-treatment. However, for the future Euro emission norms, the restrictions are more severe and another solution has to be found. The world-wide fuel consumption and exhaust emissions can realistically be reduced if an alternative for the IC engine is developed with characteristics that are significantly better than those of present engines. Concerning the emission reduction during the combustion process, Homogeneous Charge Compression Ignition (HCCI) promises to be a good solution to respect these future Euro norms. HCCI can be defined as a premixed, lean burn combustion process, preceded by a homogeneous air/fuel port-injection. The HCCI engine generally runs on a lean, diluted mixture of fuel, air and combustion products, which is not ignited by a spark but by compression auto-ignition instead. Using a lean burn combustion process at lower temperatures and a premixed air-fuel mixture, the HCCI combustion allows for a higher thermal efficiency than spark ignition engines, less particulate-matter emissions than diesel engines and generally less NO x emissions. Whereas diesel combustion is mainly controlled by turbulence during flame diffusion and gasoline combustion with a flame front propagation, the auto-ignition phenomenon in an HCCI engine is mainly controlled by chemical kinetics and its combustion initiation is rather complicated to control. Much research [1] [2] [3] [4] [5] [6] is performed regarding kinetic mechanisms, the auto-ignition for many compounds and HCCI combustion. A great part of the HCCI investigations [7] [8] [9] use the socalled Primary Reference Fuels (PRF) such as iso-octane and n-heptane. [To account for aromatics in gasoline and especially diesel, mostly toluene is added for this purpose [10-14].
Numerical work regarding PRF's and toluene can be found, for instance, in [15, 16] . Therefore these three fuels should be investigated. The application of parametrical analysis on autoignition requires kinetic models of low dimensionality. Also, the behaviour of multidimensional models of ignition in a combustion chamber may be explored relatively more easily with a reduced mechanism when a detailed numerical approach to the fluid dynamics is also included as in CFD calculations. The purpose of reduced modelling work is that many calculations can be made within a short period of computing time. Though much important modelling work on the auto-ignition of PRF's [17,18] and other (pure/binary) compounds [19] [20] [21] has been done, not much modelling and experimental work on ternary mixtures that represent gasoline can be found in the literature [22, 23, 24] . This calls for the need of such mechanisms that can contribute to the understanding of the auto-ignition of gasoline in HCCI engines. Therefore, the aim of this paper is to compose a strongly reduced "surrogate mechanism" for mixtures of n-heptane, iso-octane and toluene for HCCI auto-ignition applications. Knowing that diesel surrogates can be represented by mixtures of n-heptane and toluene, the purpose of this mechanism can be extended to the use for diesel fuel applications as well. The purpose is also to validate this mechanism numerically against detailed mechanisms in an engine like environment and experimentally against experimental data at a constant volume environment.
It is said previously that, contrary to conventional gasoline or diesel combustion, the HCCI combustion is mainly controlled by chemical reactions. The fuels considered in this work are n-heptane, iso-octane and toluene. The chemistry of the reaction paths of n-heptane, isooctane and toluene are well known and discussed in the literature. For the kinetics of nheptane, iso-octane and toluene combustion, one may be referred to [25-31].
2 Methodology of obtaining a numerically validated reduced surrogate mechanism
Numerical outline of this work
Some criteria should be defined, to which the reduced mechanisms should adhere, for the reduced mechanisms to be validated at a certain parameter range (inlet temperature, equivalence ratio, compression ratio and fuel composition). At each criterion a certain accuracy range is indicated. The accuracy can be divided into two accuracy levels. The first level is where the error of the criterion, with respect to the detailed mechanisms, is minimal and the criterion gives a good agreement between the reduced mechanisms and the detailed one. The second level is where the error is too large for the criterion to be reliable, but enough to give a correct trend. These criteria should represent the auto-ignition process characteristics. Such a process can be represented by several criteria, like the pressure, the heat release, the formation and consumption of intermediate species, the work delivered on an engine piston, the ignition delays, the exhaust species, the efficiency of a combustion cycle, to mention a few. Since in this paper the kinetic mechanism is ought to predict correctly the overall kinetic and thermodynamic characteristics of the auto-ignition process, only some of the abovementioned criteria would be sufficient. To assess the overall process in terms of a global and apparent outcome of the auto-ignition, the pressure in the cylinder becomes an important entity. It is this pressure that gives the power to an engine. The pressure is very sensitive to the input parameters and operating conditions. This includes the type of fuel, the engine configuration, the compression ratio, the equivalence ratio, the operating temperature, engine efficiency, heat loss and engine cooling. In other words, to obtain the same pressure profile, it is necessary that these parameters do not change much. Therefore, comparing a simulated pressure profile to an experimental one indicates whether the mechanism is capable to predict the sensitiveness of the experimental pressure and is thus a powerful criterion. The power in an engine, however, is also a function of the phasing of the combustion. This can be represented by the heat release. The heat release is calculated from the First Law of Thermodynamics, by means of an energy balance leading to the following equation:
In the case of a numerical validation study, the calculation of the heat loss to the wall is not necessary and can be discarded. The heat release profile can give information about when the combustion takes place and at what moment power is delivered. The heat release represents also the chemical energy that is released and therefore makes the link between the engine's power and the chemical reactions that cause this energy. Since chemistry plays an important role in the HCCI combustion mode and an engine is involved, this criterion is particularly interesting. These two criteria can summarize the global thermodynamic or energetic characteristics of the auto-ignition process. The assessment of the kinetic characteristics can be done by looking to the ignition delays. From the literature [25-31], it can be extracted that during an HCCI auto-ignition process, a cool flame and final ignition can be defined. In this section, the cool flame delay is defined as the number of Crank Angle Degrees (CAD) from Bottom Dead Center at the beginning of the compression stroke (BDC) until the first maximum of the heat release. The final ignition delay is defined as the number of CAD from 6 BDC until the second maximum of the heat release. These ignition delays represent the moment of increased kinetic activity and can represent on their turn the chemical reaction pathways in the mechanism. Furthermore, for the engine to function properly, the timing of the ignition delay is crucial. As such, it can be used as an important criterion for this study.
Intermediate species play an important role as well. They are directly or indirectly linked to the ignition delays. For instance, one of the species that play an important role during the cool flame is the species formaldehyde (CH 2 O) and during the final ignition the radical OH is one of the important species. A considerable formation of formaldehyde is observed during the cool flame, while the OH radical is the main species that consumes the fuel during the final ignition [27, 28, 30] . Therefore, the evolutions of these species are taken as a criterion. To be able to control the ignition delay, it is very important that the error should be very small. The validation during the reduction is done numerically. The error range for the ignition delays should be as good as nihil. However, the moment of an ignition delay has been defined as the maximum of the heat release. The determination of this maximum is subject to discussion, since the formation of the species that are responsible for this heat release does not take place at exactly the same time. This allows for a certain error range, being in the order of 0.5 to 1 CAD, depending on the initial conditions. Since for control purposes an error of higher than 1 CAD becomes less interesting, the error of the ignition delays is therefore taken to be maximally 1 CAD in the case of a first level accuracy. The error of the other criteria are taken in the same perspective, accepting an error of 1 bar for the maximum pressure, 10 % J/CAD for the maximum heat release and 10 vol% for the species. As far as it concerns the second level of accuracy, an error of higher than 3 CAD can no longer allow for a qualitative comparison, since in some cases the duration of a cool flame is of an order of 3 to 4 CAD.
The other criteria values are judged in the same light, leading to an error of 3 bar in the maximum pressure, 30 % J/CAD for the maximum heat release and 30 vol% for the species.
The next subsection presents the reduction, development and composition of the ternary mixture mechanism as well as its numerical validation in a 0 D HCCI engine code as is explained in this subsection.
Reduction, composition and validation of the surrogate mechanism
This section describes the reduction methodology of the iso-octane mechanism and the nheptane mechanism, developed and provided by [15] , containing 412 reactions and 84 species and 290 reactions and 57 species, respectively, as well as the reduction methodology of the toluene mechanism, developed and provided by [16] , containing 617 reactions and 88 species.
The iso-octane and n-heptane mechanisms have previously been validated experimentally in a shock tube between 600 and 1000 K and between 15 and 35 bar and subsequently applied to HCCI modeling by the former authors. The toluene mechanism has also been validated in a shock tube at temperatures around 1000 K and equivalence ratios between 0.379 and 0.65, at atmospheric pressure by the latter authors. Also a composition of these three reduced mechanisms for gasoline surrogate mixtures of n-heptane, iso-octane and toluene will be discussed in this section. Two equivalence ratios are used during the reduction, 0.4 and 1.0, in order to extend the usability of the mechanism.
The reduction is performed in a methodological way, using methods that are presented in the literature and adapting these at low inlet temperatures and low equivalence ratios respecting HCCI conditions. These methods are explained in this subsection. Firstly, the species were tested for their relative life times. According to [32] proceeded primarily by reaction 61, while for pure n-heptane and iso-octane this proceeded by reaction 62. Eliminating any of the two reactions gave incorrect results. In order to be able to use the mechanism for various fuel compositions, both the reactions are kept. The fifth and last step consists of validating the obtained mechanism with respect to the individual detailed mechanisms at engine-like environments, comparing the pressure, the heat release, the ignition delays and the species CH 2 O and OH. This also means that the surrogate mechanism should give the same results for n-heptane auto-ignition when it is compared to a detailed mechanism of n-heptane. The input parameters for the fuel will consist of 100 vol% n-heptane and 0 vol% of iso-octane and toluene. This shows whether the surrogate mechanism is able to reproduce the kinetics of n-heptane alone without that the reaction paths of iso-octane and toluene disturb the reaction path of n-heptane. The same is done for iso-octane and toluene.
For these calculations, a 0D HCCI engine code is used, which is incorporated in the Chemkin Figure 2 shows that the surrogate mechanism is reliable with respect to the final ignition delay for all the three fuels that are discussed and this holds for the majority of the ranges. This is found at compression ratios of 8 and 18, equivalence ratios of 0.2 and 0.7, inlet temperatures of 290 K and 500 K. of the LLNL mechanism and the Chalmers mechanism. Apparently, the LLNL mechanism predicts a cool flame intensity which is higher than the other two mechanisms, while that of the surrogate is in between. For the comparison of the OH concentration, the fuels iso-octane and toluene are used, to broaden the comparison with respect to the type of fuel. These are presented in figure 5 . It can be seen that the comparison of the OH concentration between the surrogate mechanism and their respective detailed mechanisms is largely within the first level of accuracy for both iso-octane and toluene at different conditions. Generally, it has appeared that the prediction of the reactivity and the energy content of the surrogate mechanism are between that of two validated detailed mechanisms. This points out that the numerical validation of the surrogate mechanism is anyway between already experimentally validated mechanisms. Table 5 presents the domain of validity of the Surrogate mechanism with respect to the detailed mechanisms to which it is compared, showing that the surrogate mechanism is validated numerically within the majority of the investigated ranges. This validation concerns not only the pressure maximum, the heat release maximum, the cool flame delay and the final ignition delay, but also the profile of some important intermediate and final products.
The mechanism should be validated experimentally before it can be used for HCCI combustion applications. For this, the mechanism should be compared to experimental values at a relatively large range of temperatures and pressures in a constant volume environment.
This validation is presented in the next section.
Experimental validation of the surrogate mechanism
Having obtained a reduced, numerically validated surrogate mechanism (Surrogate), this mechanism should be validated experimentally against experimental data in constant volume environments. In this experimental comparison, experimental data of ignition delays are issued from the literature and the ignition delays are calculated by the surrogate mechanism at the same operating conditions for stoichiometric fuel/air mixtures unless otherwise stated. For the individual fuels, n-heptane, iso-octane and toluene, the results of the detailed mechanisms are added in the same figures. The ignition delays that are issued from the surrogate mechanism are calculated by taking the time needed for the derivative of the pressure to attain a maximum. This choice gave the best fits with the experimental values. Nonetheless, if another choice would be made, like for instance the moment of maximum pressure or 90 % consumption of the fuel, the value would not change much and the trends would be the same. In the shock tube the reacting gas at low pressure/temperature and a gas at high pressure are separated by a diaphragm. When the diaphragm is caused to burst, this produces a shock wave that travels down the low pressure section of the tube. The temperature and pressure of the reacting gas increases then, creating the conditions necessary for auto-ignition to occur. The test section is equipped at different positions with acceleration-compensated piezoelectric pressure transducers and opposite quartz windows for the registration of CH-radical band emission at 431 nm. In between these temperatures, it can be seen that a discrepancy exists between the experimental data provided by [15] and the surrogate mechanism, which are not due to the reduction methodology since the detailed mechanism differs even somewhat more. The trend, though, is satisfactorily predicted by the surrogate mechanism, which makes the overall trend, proposed by the surrogate mechanism, rather acceptable over the whole range of temperature for the fuel iso-octane for a pressure of 10 bar (equivalence ratio = 1.0) and 40 bar (equivalence ratio = 0.5). Figure 9 shows the comparison of the detailed toluene mechanism of Djurisic and the surrogate mechanism for toluene at 9 bar. A good agreement is found both qualitatively and quantitatively, with some discrepancy at temperatures higher than 1000 K, which can be due to the elimination of the high temperature reactions of toluene leaving only the usual high temperature reactions of H/O and C 1 species. This seems to be quite enough to predict the auto-ignition of toluene. However, figure 9 seems to indicate that at temperatures higher than 1400 K, the surrogate mechanism can no longer be used for toluene auto-ignition at 9 bar and the eliminated high temperature reactions of toluene will be necessary for a Considering model reduction effects, these differences are too small in order to conclude from it any explanation, especially when the trends coincide well. Nonetheless, the error is not more than 30 %. So, considering the overall trend, this makes the prediction that is proposed by the surrogate mechanism rather acceptable over the whole range of temperature for this gasoline surrogate at 20 and 55 bar. and temperatures higher than 1400 K have shown that this mechanism was not suitable for a combination of high temperatures and low pressures, such as 1500 K and 1 bar. This stems from the reduction methodology that stated that the mechanism should predict well the autoignition process during the combustion in an HCCI engine. During the combustion, the temperature and pressure increase simultaneously so that for this mechanism to be applicable, the pressure and temperature should not deviate too much from one another. The results of this work have shown that the combinations going from 40 bar / 700 K to 9 bar / 1400 K were acceptable. So it can be said that the surrogate mechanism has been validated experimentally over a wide range of pressures and temperatures adhering to engine operating conditions.
As a final comparison, an example is shown where previous experimental work is used to validate this surrogate mechanism [45] in an HCCI engine. For this purpose, a mixture of "11 vol% n-heptane, 59 vol% iso-octane and 30 vol% toluene" is used at an inlet temperature of 70 °C, a compression ratio of 13.5 and an equivalence ratio of 0.462. This mixture is used as a gasoline surrogate. The same "simulated" HCCI engine is used as is described in section 2.2.
The experimental HCCI engine used in [45] has the same characteristics and geometry. The pressure and heat release are compared and the results are presented in figure 12 . Figure 12 shows that the pressure profiles and the heat release profiles in the HCCI engine agree well with each other. This shows that the validation procedure presented in this paper is acceptable.
Proposition of the main reaction pathways of an n-heptane/iso-octane/toluene mixture
Having validated the surrogate mechanism experimentally, the goal is to use a validated mechanism to propose a global reaction scheme for a gasoline surrogate, which consists out of the three components (n-heptane, iso-octane and toluene). This can be useful to show the interactions that these three compounds can have with one another during the auto-ignition of such a ternary mixture and it gives an insight of how this mechanism works. An example is presented in this subsection at an inlet temperature of 385 K, an equivalence ratio of 0.6 and a compression ratio of 14. The fuel used is the gasoline surrogate, mentioned earlier, containing 17 vol% n-heptane, 63 vol% iso-octane and 20 vol% toluene. The information acquired from the reduced mechanism makes it possible to construct a scheme that shows the main reaction and deliver most of the heat release at the moment of the two ignition delays.
Conclusions
A surrogate mechanism, containing 62 reactions and 49 species, for ternary mixtures of nheptane, iso-octane and toluene has been developed from three different detailed mechanisms of the three aforementioned compounds. The surrogate mechanism compares well with the detailed mechanisms in an engine-like environment at different inlet temperatures, equivalence ratios and compression ratios for the three compounds. The domain of this numerical validation is between 310 and 500 K (inlet temperature), 0.2 and 0.7 (equivalence ratio) and 6 -20 (compression ratio), depending on the fuel.
Experimental comparisons in a constant volume environment for several fuels (pure nheptane, pure iso-octane, pure toluene, a PRF60, a mixture of 35 vol% n-heptane and 65 vol% toluene and a ternary mixture of 17 vol% n-heptane, 63 vol% iso-octane and 20 vol% toluene)
showed an overall good agreement of the trends predicted by the surrogate mechanism from pressures between 9 and 55 bar and temperatures between 700 and 1400 K, provided that low temperatures, as 700 K, are not combined with high pressures, as 55 bar. For this experimental validation, the equivalence ratios that were used are 1.0 and 0.5. Quantitatively, the ignition delays calculated by the surrogate mechanism agreed well with the experiments in the majority of the cases. As an example, the surrogate mechanism is used for comparison against a gasoline surrogate auto-ignition in an HCCI engine. This comparison showed a satisfactory agreement.
It has appeared that the surrogate mechanism, containing a considerably small number of reactions and species, is able to simulate quite well, for the investigated conditions, different reaction paths in one single mechanism: linear alkanes (n-heptane), branched alkanes (isooctane) and aromatics (toluene). One example shows a global reaction path of the autoignition of a gasoline surrogate as is proposed by the surrogate mechanism. Tables   Table 1: Reduced chemical kinetic reaction scheme for n-heptane 0  20900  17  C2H4+H=>C2H3+H2  1,51E+07  2  25080  18  C2H3+O2=>CH2O+HCO  3,98E+12  0  -1045  19  CH2O+O2+M=>H+CO+M+HO2  6,20E+16  0  154660  20  CH2O+HO2=>HCO+H2O2  2,17E+11  0  33440  21  HCO+O2=>CO+HO2  3,98E+12  0  0  22  H2+O=>H+OH  1,82E+10  1  37202  23  H2O2+OH=H2O+HO2  1,00E+13  0  7524  Reverse reaction  2,03E+13  0  145798,4  24  H2O+M=H+OH+M  2,19E+16  0  438900  Enhancement factors:  ------H2O  21  ------CO  2,0  ------H2  3,3  ------25  HO2+HO2=>H2O2+O2  5,78E+12  0  23700,6  26 H2O2(+M)=OH+OH(+M) 3,00E+14 0 202730 Low pressure limit 2,00E+17 0 202730 TROE coefficients 1; 1; 418000000 - OH Chalmers for iso-octane OH Surrogate for iso-octane OH Djurisic for toluene OH Surrogate for toluene 
